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ABSTRACT
Sun sensors are commonly used attitude determination equipment which measure a spacecraft’s attitude
relative to the sun. Multiple types of low-cost sun sensors were developed for the SOURCE and EIVE
CubeSats. The SOURCE sun sensors consist of single photodiodes which are placed in a one-sensor-per-face
as well as a pyramid arrangement. EIVE employs digital vector sun sensors based on quad-pin photodiodes.
The SOURCE sun sensors in the one-sensor-per-face arrangement archive an accuracy of <10◦ while the
pyramid arrangement accomplishes an accuracy of <7.5◦ without and <5◦ with calibration. EIVE’s vector
sun sensors offer an raw accuracy of 3◦ ±5◦ . Multiple calibration approaches are presented with the best
results leading to an accuracy of 0.7±3◦ . A direct comparison between the SOURCE and EIVE sensor types
and configurations can be drawn since the same test bench was used to measure all sensors. The objective
of this paper is to present and compare the different sun sensor concepts and their results.
random bit sequences in different modulation formats generated by a high-speed digital analog converter or a 4K video live stream can be transmitted. The platform size of EIVE is a 6U+ CubeSat
[2] with two tuna cans and two deployable solar arrays. If the EIVE CubeSat is not operated in its
pointing mode, the satellite will be pointed mostly
towards the sun to recharge its batteries. During
this time, the sun sensors play an important role in
determining the sun direction and ensuring that sun
pointing can be achieved. More detailed information about the EIVE mission and payload [3–5], the
EIVE satellite bus and its power consumption and
pointing design [6] can be found in previous papers.
The SOURCE mission is a 3U+ CubeSat [2] with
a tuna can and two deployable solar panels. The
main mission objective is to serve as a practical education project, hence the satellite is developed by
students of the University of Stuttgart with each
subsystem under supervision of at least one PhD student of the Institute of Space System (IRS). The scientific objectives of the mission are technology verification and atmospheric measurements, especially
during re-entry into the Earth’s atmosphere. Additional information about the SOURCE mission can
be found in the papers of Galla et al. [7] and Stier
et al. [8].

INTRODUCTION
Motivation
Sun sensors (SUSs) have been used on spacecrafts for decades and there are different approaches
how these sensors are built. Different applications
may require a simple and robust solution, a narrow or broad Field of View (FOV) or varying accuracies among others. Thus, the geometry and
working principle varies significantly as described by
Salgado-Conrado [1]. There are currently two CubeSat projects at the University of Stuttgart which
both develop SUS with different working principles.
While the Stuttgart Operated University Research
Cubesat for Evaluation and Education (SOURCE)
CubeSat employs single photodiodes on multiple
sides as well as a single photodiode pyramid approach, the Exploratory In-Orbit Verification of an
E/W-Band Satellite Communication Link (EIVE)
CubeSat uses vector SUS.
The SOURCE and EIVE Missions
The objective of the EIVE mission is to test and
characterise a novel E-band transmitter which is able
to transmit data at a frequency of 71 to 76 GHz
with data rates of up to 9.6 Gb s−1 . Either pseudoPentke
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ACS Requirements

SUS Test Bench

The EIVE SUS will be used during the attitude
modes with coarse pointing while fine pointing can
be achieved with a star tracker. Thus, the required
pointing accuracy is only motivated by the ability
to orient the solar panels towards the sun. It is expected that a alignment error as big as 10◦ during
sun pointing can be tolerated due to cosine losses
for the solar panel’s power output of only approximately 2%. However, the attitude of the satellite is
influenced by both the attitude control (magnetorquers) as well as the attitude knowledge (primarily
the SUS). Thus, the accuracy of the EIVE SUS
should be better than the 10◦ overall target to enable the Attitude Control System (ACS) controller
to optimize and converge towards the optimal pointing. Moreover, the noise of the sensors should be as
low as possible since discrete jumps in the sensor
output data can degrade the performance of the attitude control algorithm. This can be mitigated by
using sensor data filtering and smoothing, however,
to allow for both good dynamic performance and
accuracy it is best to reduce sensor noise as far as
possible by design. Finally, a cold redundancy is required so that a failure in an single sensor should not
prevent the sun vector detection in any direction of
the full sphere.
The SUS of SOURCE are used in all modes with
the exception of the de-tumble mode. In contrast
to EIVE, SOURCE does not carry a star tracker or
other high-accuracy attitude determination equipment. The accuracy requirements are rather low
since no precise pointing of the satellite is required
throughout the mission. An error of the sun vector
of up to 10◦ can be tolerated during sun pointing.
With the employed Kalman filter the required accuracy of the sun vector determination is 20◦ . Furthermore, a cold redundancy of the SUS is required
in order to have single-failure tolerant ACS design.
Table 1 summarises the most important ACS requirements of both missions.

The SUS are tested and calibrated at a selfdeveloped test bench in the IRS clean room which
is displayed in Figure 1. The light source utilised in
the test bench is a Quartz Tungsten Halogen (QTH).
This 250 W light has the benefit of being supplied
by direct current. Thus, the amplitude fluctuations
of the light are minimal in contrast to AC supplied
lamps. Moreover, halogen lamps have a broad spectrum both in the infrared and visible range, thus approximating the sunlight better than Light-Emitting
Diodes (LEDs) or lasers. The brightness of the QTH
is about a third of the sun in an AM0 environment.
This means that the devices under test generate a
smaller signal in comparison to the conditions in orbit. Furthermore, the QTH lamp produces slightly
divergent instead of fully collimated light. Thus,
a baffle is added to filter out light beams that are
overly divergent. The test bench itself consists of a
balanced platform with two attached stepper motors
with gearboxes that allow for step sizes smaller than
0.1◦ . The sensors are mounted on the shaft of the
motor that controls the azimuth movement while the
second motor controls the elevation. The structural
parts of the platform consist of 3D printed PLA resulting in slight bending and slack during motion of
the motors. In order to facilitate the alignment of
the sensors with the light source, a line laser that
projects on an annular ring around the baffle as well
as two bubble level (not shown in Figure 1) are employed. It is estimated that the alignment error of
the sensor and the light source is between 0.5◦ and
1◦ if carefully set up by the operator.
QTH
lamp

EIVE

Satellite pointing error

<10◦

<10◦

Sun vector error

<20◦

<5◦

Sensor field of view
Redundancy
Signal generation

∼

180◦

Alignment
line laser
Platform with
counter weights

>90◦

cold

cold

analog

digital

Alignment
anular ring
EIVE SUS
Azimuth
motor

Table 1: ACS Requirements for the SOURCE
and EIVE SUS
SOURCE

Baffle

Elevation
motor

Microcontroller

Figure 1: Sun sensor test bench
Pentke
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Z

THE EIVE SUN SENSORS
Sun Sensor Description and Arrangement

SUS11

SUS2
SUS8

The SUS developed by the EIVE team belong to
the digital vector sun sensor class. An explosion view
of the EIVE SUS can be seen in Figure 2. A PrintedCircuit Board (PCB) carries a silicon Hamamatsu
S5981 quad-pin photodiode as a photosensitive device, an LTC6082 operational amplifier used as a
trans-impedance amplifier as well as a MAX1227
12-bit Analog Digital Converter (ADC). The casing
is used to enclose and protect the PCB as well as to
have a defined aperture opening for the light to enter
the sensor. It is painted with white Mapsil SG121
white thermal coating on the outside to lower the
temperature of the device and matt black Aeroglaze
Z307 inside to minimise light reflections. In order
to protect the sensor from direct exposure to the
space environment via the aperture, a boron silicate
glass is attached before the sensor. Boron silicate
has a good oxidation resistance and is transmissible
for the near infrared to visible light range where
the silicon photodiode is the most sensitive. The
case further has slits at the sides to aid depressurisation during ascend. This type of sensor has the
advantage that a single sensor can determine the sun
vector and distinguish objects with lower brightness
than the sun, such as the Moon and the Earth’s
albedo, by evaluating the total amount of current
measured. The measurement values are digitized
directly on the PCB that carries the diodes and then

Cover
glass

SUS5
Y
SUS4
SUS10
X

SUS9
SUS3

SUS0
SUS6

SUS1
SUS7
Y
X
Z

Figure 3: SUS arrangement on EIVE
converted to a sun vector in the on-board computer.
The EIVE CubeSat carries a total of twelve individual SUS which are arranged in pairs and face all
six sides of the satellite as shown in Figure 3. The
two sensors on the +Z side of EIVE are mounted behind the Solar Cell Experiment panel since the component height at this side is limited by the chosen
CubeSat deployment pod. The two deployable panels of the EIVE CubeSat pose another challenge to
the arrangement of the sun sensors. Firstly, the sensor height of the EIVE SUS would exceeds the clearance between the panels and the deployment pod
which means they cannot be directly mounted on or
below the solar panels. Secondly, shading of SUS
by the deployable panels should be avoided since it
leads to non-trivial issues during the recovery of the
sun vector and would lead to exclusion angles where
the sun vector cannot be determined correctly. To
avoid both issues, the +Y and -Y SUS of EIVE are
moved to the far end of the CubeSat which is within
the volume of the tuna cans. There, the shadow of
the panels reaches the sensors only if the sun is outside the FOV of the sensors. The -Z SUS need to
be placed on the tuna cans as well in order to avoid
shadowing by the tuna cans themselves.

Casing with
aperature

Functional Principle

Operational
amplifier

Printed circuit
board

The principle behind vector SUS with quad pin
photodiodes has been described before by Maqsood
and Akram [9] as well as Strietzel [10]. The geometric situation which allows the calculation of the
sun vector can be seen in Figure 4. A rectangular
aperture opening is located at a height h above the
photosensitive area. The side length of the aperture opening as well as one element of the quad-pin
photodiode is d = daperature = ddiodesegment . The
gap between the photosensitive elements is with
s = 0.03 mm negligible, as is the fact that the
0.4 mm thick cover glass above the sensor introduces a refraction offset depending on the angle
of incident (AOI) of the light beam. The theoretical FOV of the sensor is determined by the

Quadpin
photodiode

Analog digital
converter

Figure 2: Component arrangement within
the EIVE CubeSat
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The elevation and azimuth form of the vectors is
easier to handle since both these angles can be directly controlled with the SUS test bench. However,
they have the drawback of having a singularity at
El = 90◦ where the azimuth is ambiguous. Thus,
the angles α and β are introduced similar to Strietzel’s approach [10]. As visualised in Figure 4 α is
the angle between the ZSU S axis and the sun vector
⃗XZ and β is the angle
projected on the XZ-plane S
between the ZSU S axis and the sun vector projected
⃗Y Z .
on the YZ-plane S
 
 
dx
dx
,
β = arctan 2
(6)
α = arctan 2
h
h

d
⃗XZ
S
⃗
SY Z
Ch0

h
ZSU S α

Ch1

XSU S

⃗
S
β dy
dx
YSU S

Ch3

In the following text, the subscript m refers to the
raw angle as calculated from the measurement data
while the subscript c refers to the calibrated values.
The angle α and β are functions of both angles and
are described in the next subsection.

d

Ch2
Figure 4: Vector SUS principle with α and β
angles

αc = f (αm , βm ),

F OVmax

This vector is in the coordinate system of the SUS
and can be easily transformed to the satellite’s coordinate system by multiplying a sensor specific transformation matrix.

(1)

Thus, the minimal required FOV of 90◦ is exceeded
by design and results in an overlapping region if the
SUS are mounted perpendicular to each other. The
⃗ can be calculated by
direction of the sun vector S
determining the central point of the light spot on
the sensor.
d −iCh0 + iCh1 + iCh2 − iCh3
·
2 iCh0 + iCh1 + iCh2 + iCh3
d − s −iCh0 − iCh1 + iCh2 + iCh3
·
dy =
2
iCh0 + iCh1 + iCh2 + iCh3

dx =

Calibration Approach of the EIVE SUS
A calibration is indispensable to improve the
accuracy of the EIVE SUS. There are both systematic influences such as non-linearities of the sensor,
the refraction in the cover glass over the AOI, dark
currents and sensitivity differences of the photodiodes as well as manufacturing related influences
such as tolerances of the aperture opening, translation and rotation deviation of the photodiode on
the PCB which degrade the overall performance of
the SUS. A result of these influences is a correlation between the angles αm and βm which can
be observed in Figure 5. The gray plane in Figure 5 represents the ideal sensor where the measured angle αm and the true angle αt are equal and
independent of βt . The measurement points from
sun sensor FM7, used for the data of all following
plots, show an S-curve in terms of the correlation
between the αm and βm angles while the uneven cut
through the plane in the βt direction is a result of the

(2)
(3)

Where iCHn is the measured current of the n-th
photo diode element. The coordinates of the light
spot center dx and dy are the projected distances of
⃗ on the XSU S and YSU S axis of the
the sun vector S
sensor. The light spot center can now be used to
calculate the elevation El and azimuth Az angles.
!
h
(4)
El = arctan 2 p
dx2 + dy 2
 
dy
Az = arctan 2
−π
(5)
dx
Pentke

(7)

The sun vector can be reconstructed using α and β.


tan α
1
⃗=q
· tan β 
(8)
S
2
2
−1
(tan α) + (tan β) + 1

angle at which the light spot completely leaves one
of the photodiodes areas.
 
d
= 2 · arctan
h


5 mm
= 126.87◦
= 2 · arctan
2.5 mm

βc = g(αm , βm )
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All three measurement series include different angle
combinations, so that the calculation and the analysis is based on various data sets. Figure 6 shows all
three measurements superimposed. It can be seen
that the repeatability of the measurements is sufficiently good. The shape of both αm and βm follow
a slight S-curve with a maximum deviation of about
8◦ . The line effects are a result of the quantisation
of the measurement space of the SUS test bench.
There are multiple properties, which influence
the accuracy of the calibration:
 Quality of calibration measurement data
 Adaptability of the calibration function
 Number of used calibration coefficients
 Number of calibration cells in the cell-based
method
To develop a suitable calibration algorithm, it is important to set these properties in such a way, that
on the one hand the accuracy after the calibration
is sufficient and on the other hand the calculation
effort is acceptable. Moreover, the calibration needs
to perform well on different sample sets - not only
the set from which the calibration coefficients were
determined from.

Figure 5: Correlation between αm and βm
previously mentioned correlation between αm and
βm . It is impossible to differentiate and correct all
effects one by one since they superimpose each other.
Thus, a calibration is applied that aims to reduce
and eliminate these unwanted influences.
The first step in this calibration process is to collect data from the SUS using the test bench. Three
different measurement sets were obtained for each
SUS. The data points from the first measurement
set were used to calculate the coefficients of the calibration function. These measurement sets include
6171 data points for each SUS, thus the calculation
is based on a reasonably large amount of data. The
correlation and validation measurement sets contain
2366 and 2178 data points, respectively. Based on
these measurements, the performance of the calibration functions on different measurement sets can be
assessed.

Single-Cell Calibration
Three two-dimensional calibration functions for
Equation 7 with the angles ⟨αm , βm ⟩ as input variables were taken into consideration. The coefficients
of these functions are determined by minimising the
error between ⟨αc , βc ⟩ and the true angles ⟨αt , βt ⟩
as measured by the decoder of the test bench.
Third-degree polynomial
The simplest method to fit a curve is by calculating a non-linear regression with the two dimensional
polynomial functions given in Equation 9 and Equation 10. The order was chosen to be three in both
dimensions, which is enough to approximate a reasonably smooth curve such as the raw measurements
of Figure 6. The factors Aij and Bij can then be
used to convert the measured angles αm and βm to
the calibrated angles αc and βc . The polynomial
approach is the most efficient in terms of computational effort since no trigonometric functions need to
be evaluated.
αc (αm , βm ) =

3 X
3
X

i
j
Aij αm
βm

(9)

i
j
Bij αm
βm

(10)

i=0 j=0

Figure 6: Raw results for αm and βm of the
three measurement series
Pentke
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βm

Fourier series
Another classical approach is to use a Fourier series
as a function for the non-linear regression of the raw
data. Equation 11 and Equation 12 show the chosen
third order formulation with the calibration coefficients A11 − A34 and B11 − B34 . The benefit of a
Fourier series is that potential trigonometric effects
in the raw data can be well approximated. However, offsets and the increased computational effort
are issues.
αc (αm , βm ) =

0

⟨αc , βc ⟩1,3

⟨αc , βc ⟩2,3

⟨αc , βc ⟩3,3

⟨αc , βc ⟩1,2

⟨αc , βc ⟩2,2

⟨αc , βc ⟩3,2

⟨αc , βc ⟩1,1

⟨αc , βc ⟩2,1

⟨αc , βc ⟩3,1

3
X

Ai1 sin (iαm ) + Ai2 cos (iαm )
i=1



+Ai3 sin (iβm ) + Ai4 cos (iβm )

(11)
βc (αm , βm ) =

3
X

Bi1 sin (iαm ) + Bi2 cos (iαm )

αm

0

i=1

+Bi3 sin (iβm ) + Bi4 cos (iβm )


Figure 7: Cell based calibration approach

(12)
Sigmoid function
Since the shape of the raw data resemble a sigmoid
function, a modified sigmoid function was investigated. The standard form was expanded by a constant term as well as first-order Fourier terms as
shown in Equation 13 and Equation 14. The terms
A1 − A9 and B1 − B9 are the calibration coefficients.
Again, the computational effort is higher than the
polynomial approach.
αc (αm , βm ) =

Calibration Results
The results of the calibration of SUS FM7 are
shown in this section as an example for the other
sensors built and calibrated by the EIVE team. As
previously mentioned, the calibration coefficients
were determined by the first calibration data set
and the following evaluation of the results was conducted on the second correlation data set. The
results are displayed in Figure 8 and Table 2.
As indicated by Table 2, the initial offset of the
correlation measurement as seen in the raw data
is −0.74◦ and 0.48◦ . It was almost entirely eliminated even though the calibration and correlation measurements are not able to perfectly reproduce the sensor alignment on the test bench.

A1
−A
+A
2
3 αm +A4 βm
e

+ A5
1+
+ A6 sin (αm ) + A7 cos (αm )

+ A8 sin (βm ) + A9 cos (βm )
B1
+ B5
βc (αm , βm ) =
−B
+B
2
3 αm +B4 βm
1+e
+ B6 sin (αm ) + B7 cos (αm )

(13)

+ B8 sin (βm ) + B9 cos (βm )

(14)
Table 2: Accuracy of EIVE SUS FM7
Standard
deviaton
α
β

Maximum
deviation
α
β

Mean
deviation
α
β

3.69◦

3.81◦

8.52◦

8.41◦

−0.74◦ 0.48◦

1.15◦

1.17◦

4.03◦

4.00◦

0.01◦

0.02◦

Fourier3
single cell

1.26◦

1.29◦

4.03◦

3.98◦

0.01◦

0.02◦

Sigmoid
single cell

0.99◦

1.03◦

3.33◦

3.45◦

0.01◦

0.02◦

Poly33
nine cells
Fourier3
nine cells

0.93◦

0.95◦

3.90◦

4.02◦

0.01◦

0.02◦

0.95◦

0.95◦

3.72◦

3.73◦

0.01◦

0.02◦

Multi-Cell Calibration
Until this point, the calibration function has
been determined over the entire range of the measured angles ⟨αm , βm ⟩ . However, it is possible to
split the entire FOV range in cells and determine calibration functions for the data points of the specific
cells separately. A trade-off between the number of
cells and the calculation time and storage space of
the calibration coefficients has to be made. In the
context of the EIVE SUS calibration, an equidistant
3x3 cell mesh as illustrated by Figure 7 was used for
the polynomial and Fourier approach.
Pentke
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The standard deviation of the third-degree polynomial and the third-degree Fourier series are similar
for both the single and nine cell approaches. However, the single cell Fourier series shows an increased
error towards the edges of the FOV. The modified
sigmoid function overcompensates the S-curve and
produces outliers with high individual errors. The
difference between the nine cell approaches of the
Fourier series and the polynomial approach are negligible, while being superior to their single cell equivalents.
The nine cell third-degree polynomial calibration algorithm was selected for EIVE since it provides the
best results with the least computational effort.

Noise Measurements
Sensor noise can degrade the data set quality and
thus the calibration itself. Thus, two additional ambient temperature measurements were collected at
different elevations of the sensor and the QTH light
source. A burst measurement collected readings as
fast as possible with a limitation of 75 measurement
points repeated 10 times, while 1000 data points
were taken at a slower sample rate. The standard
deviation as calculated from the data displayed in
Figure 9 is about 0.13◦ to 0.25◦ at the zenith of
the sensor and about 0.25◦ to 0.38◦ at the edge of
the FOV. Moreover, the noise appears to be white
noise with no clear frequency dependant components
present. A possible explanation for the increase in
noise towards the edges of the FOV is the small photocurrent of some photodiode elements. Overall, the
noise is acceptable in the context of the calibration
process and should not overly impact the accuracy
of the measurements of the sensor.

Figure 8: EIVE SUS calibration results
Pentke

Figure 9: EIVE SUS noise measurements
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THE SOURCE SUN SENSORS

An issue with the OSPF arrangement is the shading of the SUS in y-direction caused by the solar
panels. This could be prevented with two additional
sensor pairs on the other side of the solar panels,
however, this idea was scrapped due to the added
complexity. Another possible solution is to place
an additional sensor on the ±y side of the pyramid
structures. This was rejected due to the difficulties
in manufacturing such a structure.

Sun Sensor Description and Arrangement
The 16 SUS used by SOURCE are single silicon
photodiodes of the type Osram SFH 2430. The signal of the diodes is amplified in a TI OPA4196. It
is capable of amplifying four channels, hence four
amplifiers are used. The ADC used by SOURCE is
the MAX1229 which is similar to the ADC of EIVE
with the only difference being the amount of input
channels. Also, the amount of ADCs needed is different since one ADC can sample multiple photodiodes. Therefore, two ADC are used by SOURCE.
The amplification of the signal and digital conversion
is made on a centralized board inside the CubeSat
in contrast to the EIVE SUS. No casing is used for
the SUS, only a coverglass to prevent degradation
by atomic oxygen.
A single sensor is not able to determine a sun
vector. Thus, SOURCE carries a total of 16 SUS
that can be divided into two different arrangements
as depicted in Figure 10. The first one consists of
twelve diodes, which are placed on all sides of the
satellite in redundant pairs on a PCB to achieve a
full coverage of all directions. This arrangement is
called One-Sensor-per-Face (OSPF). Additionally,
two pyramid like arrangements are used which carry
four sensors each and can been seen in Figure 12.
This configuration aims to achieve a higher accuracy.

Functional Principle
The photosensitive elements used are silicon photodiodes. The detectable light spectrum is mainly in
the visible range. The detectable current depends on
the AOI of the light. This property is decisive for
the usability as a sun sensor and can be described
with Equation 15.
I(α) = I0 · cos α + η

Here, I0 describes the maximum current that can be
produced and α the AOI of the light. This behavior can be described in a look-up-table as previously
done by the RAX Team who flew the same type of
photodiode [11]. According to the datasheet of the
photodiode, the conical FOV of the sensor is ±60◦
from the normal direction whereas data from Springmann et al. [11] suggests that this relation holds up
to an angle of ±70◦ . Nevertheless, the achievable
accuracy is lower if the AOI of the light is greater
than 70◦ on any of the used sensors. A consequence
of this behavior is that the achievable accuracy is
smaller when one side of the satellite is directly illuminated by the sun. In addition, the cosine relationship makes the measurement values more difficult to
distinguish from noise if a sensor is directly illuminated by the sun. For these reasons, the pyramid arrangement is introduced since both conditions apply
when the sun illuminates the solar panels directly.
Two different calculation methods are used for
the calculation of the sun vectors. The twelve SUS
of the OSPF arrangement are used in most orientations. The only exception being, if the angle between the sun vector and the positive x-axis is less
than 45◦ . In this case the pyramid arrangement will
be used. The OSPF arrangement uses a simple algorithm to calculate the sun vector by first averaging
each pair of SUS. These values are then processed to
a sun vector with each pair giving the corresponding
x, y and z values, which are then normalized. The
data of the pyramid SUS is used to calculate the
angles between the x- and y/z-axes.

Figure 10: SUS arrangement on SOURCE
Pentke
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ψ=

π
+ arctan
4



IP , y−
IP , y+


(16)

and
θ=

π
+ arctan
4



IP , z−
IP , z+


(17)

with ψ being the angle between the x- and y-axis
and θ being the angle between the x- and z-axis.
These angles can than be transformed into the
Cartesian coordinates of the satellites, which equates
to


sin ψ · sin θ
⃗P =  cos ψ 
S
(18)
sin ψ · cos θ
Figure 11: Error of calibrated pyramid structure

⃗P being the sun vector in the body system of
with S
the SOURCE satellite.

value if the photodiodes are rotated around their
own axis which is further described in Section Angular Dependency of the Photodiodes.

Testing of SOURCE Sun Sensors
A full scale mock-up of SOURCE was constructed for the evaluation of the SOURCE SUS’s
performance. In addition to these tests, the EIVE
test bench was utilised to determine the performance
of the pyramid arrangement. The mock-up tests
were carried out with real sunlight (AM1 conditions). No automation was available for the tests
hence greatly limiting the amount of data points
that could be gathered. Therefore, the EIVE test
bench was used for additional tests. It also offers a
more controlled environment than the outdoor tests
while the amount of data points can be greatly increased. This resulted in 42 data points for the
tests with the mock-up and over 1000 for the pyramid test. The results of the tests with the mock-up
achieved an average accuracy of 6.46◦ which can be
divided in the results using the OSPF arrangement
with an accuracy of 7.63◦ and the results using the
pyramid arrangement equates to 5.16◦ . The tests
with just the pyramid structure on the EIVE test
bench resulted in an mean error of 7.28◦ .
Although the accuracy satisfied the requirements, the data was analyzed to find possible
improvements. Two main problems were identified as the cause of the inaccuracy. The first one
being the difference between the maximum current each individual photodiode produces. This
value is referred to as I0 in Equation 15. The
data of the OSPF tests were used to estimate
the error. For this the individual photodiodes of
the redundant pairs were compared to each other
and showed an deviation of up to 20 percent.
The second problem is the inconsistency of this
Pentke

Accuracy Improvements
As described in the previous section, it is important to determine I0 , to increase the accuracy of
the sun vector calculation. There are several ways in
which this can be accomplished. The best way would
be to perform calibration tests on the flight model,
which was deemed as to difficult. Furthermore, this
method cannot account for the expected degradation of the photodiodes. Therefore, an on-orbit calibration approach is planned. This will record the
maximum values over a set period of time and thus
calculate correction factors by which the values of
the SUS are multiplied. This is simple to implement
and requires less computing power than more complicated algorithms while still having a significant
effect on the accuracy.
This improvement was tested with the measurement
data of the pyramid structure. The accuracy improved from 7.28◦ to 4.84◦ . The remaining error is
mainly due to the angular dependency of the photodiodes. This can be seen in Figure 11.

Assembly of the Pyramid Structure
The pyramid consists of a CNC milled aluminium
structure as depicted in Figure 12. The photodiodes
as well as a PT1000 temperature sensor are glued
onto the pyramid.
9
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Figure 12: Pyramid structure with photodiodes and temperature sensor
The temperature sensor is attached to a small
PCB to simplify the mounting process and avoid
a short circuit with the aluminium structure. A
shrinking sleeve has to be put around the sensor’s
legs. To mount the sensors on the pyramid a DP2216
epoxy was used, which needs 24 hours to dry. The
PTFE wires were soldered to the photodiodes after
gluing due to issues with the mounting of the temperature sensor. Originally, a fourth photodiode was
planned to be placed on the side, where the temperature sensor is located. It became clear that it had
to be left out due to the dangers of creating a shortcircuit between the SMD legs and the structure and
because the cables would restrict the field of view of
the sensor facing in x-direction. The data of the 45◦
sensors can replace the skipped sensor.
Angular Dependency of the Photodiodes
The EIVE test bench was used for the testing
of the angular dependency of the photodiodes. Two
sensors were placed next to each other and located
approximately 40 cm away from the lamp. The sensors rotated 360◦ in 2◦ steps around their own azimuth axis during the data acquisition. This was
repeated until the device turned form an elevation
angle of 90◦ to 0◦ .
The experimental data are displayed in Figure 13. Sensor 1 shows a higher readout value which
is probably caused by a difference in I0 as compared
to sensor 2. Both data sets can be seen to run
through sinusoidal curves instead of the desired flat
lines. The readout value had a maximum variation
from 10% to 20% with a larger percentage error at
lower elevation angles / AOI. A pattern seemed to
be that the readout values are mirrored along the yaxis at an x-value of approximately 180◦ . To reduce
the offset of the redundant pairs, the photodiodes
will be mounted 180◦ rotated.
Pentke

Figure 13: Photodiode AOI dependency
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PERFORMANCE
COMPARISON
BOTH SUN SENSORS

OF

and data processing at a reasonable frequency may
poses a challenge.

A comparison of multiple aspects of the
SOURCE and EIVE sensors can be found in Table 3.

Temperature and Albedo Influence
Another important aspect is the contribution of
the individual sensors to the calculation of the measurement. The photodiodes of the OSPF and pyramid concepts that contribute to the calculation of a
single sun vector are located at different spots on the
satellite’s surface. In contrast each quad-pin photodiode of the vector SUS takes measurements from a
single photosensitive unit to compute a sun vector.
The temperature dependence, individual sensitivity
and AOI dependent contribute to the error of the
OSPF and pyramid SUS since the absolute measurement values play an important role. In contrast, the
temperature dependence of the vector SUS can be
mostly neglected since the four elements of one sensor have almost the same temperature. Moreover, it
is easier to reduce the albedo influence on the sun
vector determination for the vector SUS. If multiple SUS compute a sun vector, yet one sensor has a
much smaller absolute measured brightness values,
it can be safely assumed that it is illuminated by
the Earth’s albedo or the moon rather than the sun.
This can be implemented by filtering the raw values
with a brightness/current threshold. Nevertheless,
the error of vector SUS will still increase if the sun
together with the Earth or the moon are in the sensor’s FOV.

Accuracy and Errors
The ACS requirements of the EIVE vector sun
sensor are fulfilled. The estimated minimum accuracy of <5◦ is met with <5◦ while the required field
of view of >90◦ is surpassed both by design (Equation 1) and has shown to be valid within at least
100◦ . The ACS requirements of SOURCE are also
met. The OSPF arrangement and the pyramid both
surpassed the required accuracy of <20◦ . Furthermore, the required FOV is also met.
It comes as no surprise that the accuracy of a vector SUS is greater than that of OSPF or pyramid
single photodiode SUS designs with <10◦ and <5◦ ,
respectively. The OSPF, however, is in general superior to a vector SUS such as the EIVE SUS in terms
of the FOV depending on the photodiode itself and
the total reflection angle of the cover glass.
Calibration and Computational Effort
The calculation effort of the OSPF and pyramid
sensors is smaller than that of the vector SUSs due
to less calculation and filtering steps as well as no or
a simpler calibration method. The calibration of the
vector SUS can be skipped to reduce the computational demand at the cost of an increasing error.
However, modern on-board processing units are no
longer limited in terms of computational power or
variable storage to the extend that sensor sampling

Volume, Mass and Power Consumption
The mass, size and estimated power consumption of all SUS can be seen in Table 3. The OSPF
approach is the lightest and smallest, whereas the
vector SUS is slightly larger and heavier than the
other two concepts. A limiting parameter for the
implementation of a vector SUS can be the height.
The power consumption of the SOURCE SUS results from the ADC and operational amplifier consumption and is given for the entire assembly. Every
active EIVE sun sensor increases the consumption.
Also, the common cathode of the quad-pin photodiodes of the EIVE SUS results in the photodiodes
being operated in photoconductive rather than photovoltaic mode which increases the power draw noticeably.

Table 3: Summary of important parameters
of the SOURCE and EIVE SUS
SOURCE
OSPF
Pyramid
<10◦

EIVE
Vector

∼ 7.5◦ /5◦

∼1◦

∼180◦
(shading!)

∼110◦
(practical)

cold

cold

cold

4g /
19 x 7 x
3 mm3
<5 mA at
3.3 V per
OSPF
assembly

6g /
16.4 x 14.4 x
4 mm3
<5 mA at
3.3 V per
pyramid

Interface

analog

analog

8g /
25 x 29 x
5.3 mm3
1 mA
(shaded),
15 mA (at
AM1) at
3.3 V
SPI

Material cost

<10 /
PCB
sensor

∼ 50 /
pyramid

∼ 100 /
piece

Accuracy
Field of View
Redundancy
Mass
Volume

/

Power
Consumption

Pentke

∼180◦

¿

¿

Complexity of Manufacturing

¿

While the manufacturing of the PCBs for the
SOURCE OSPF arrangement was fairly simple, the
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manufacturing of the two pyramid structures is challenging. Due to the direct gluing of the photodiodes
the risk of the soldered cables detaching is higher
then on a PCB. Furthermore, the difficulty of the
cable routing on a small structure is high and led
to the initially planned fourth sensor to be removed.
Ideas for a redesign could be to mount the photodiodes on a flex-PCB that can be folded onto the pyramid or use a 3D-PCB in the first place. Initially, the
design of the vector SUS of EIVE seemed more complicated. The capabilities necessary to manufacture
the EIVE SUS are PCB design and manufacturing,
CNC machining and thermal coating which can be
tackled separately. Also, the assembly and mounting
on the satellite’s exterior are straight forward.

of the photodiodes provided several unexpected effects such as a rotational dependency around their
own axis which resulted in the presented solutions
to minimise these effects.
The sun sensor of EIVE are digital, vector sensors that provide a sun vector from a single device
by exploiting geometric calculations of a light spot
on a quad-pin photodiode. Several ways to improve
the accuracy of the raw measurement data are presented with the third degree polynomial and Fourier
series multi-cell approaches yielding the best results.
The sensor noise affects the sun vector quality only
slightly at ambient temperature.
The SOURCE sun sensor, while being built
around relatively simple and accessible sensor elements, enable a proper attitude determination for
systems with lenient requirements. However, the
manufacturing of the sensors and some degrading
influences such as angular dependency, temperature
gradients and albedo provided more significant challenges than initially anticipated. EIVE’s vector sun
sensor have proven to be the most accurate and easiest to manufacture and integrate. This comes at the
cost of a an elevated power consumption, size and
material costs. Nevertheless, the author’s recommend to aim for higher quality sun sensor for CubeSat projects in order to circumvent many low level
difficulties and to achieve better results overall.

Costs
An important lesson learned of the SUS design
process was that the solution that initially seem easier and cheaper can lead to challenges that take up
unexpected time and financial resources. Also, the
cost of the individual sensor element is almost irrelevant in comparison to the total cost of the sensor
which is mainly driven by the time and thus salaries
of the people working on the solution.
Redundancy and Reliability
Both the SOURCE and the EIVE team chose to
have cold redundant set of sensors to compensate for
the loss of single sensors. Especially, the electronics
in the EIVE vector SUS might see a lot of temperature cycles since they are more exposed to space
than the SOURCE SUS due to the only shield being
the casing. The SOURCE electronics are within the
satellite and will experience rather small temperature cycle amplitudes. Thus, it is expected that the
long term reliability of the SOURCE SUS is greater.
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